A comprehensive investigation of anhydrous form of 3,4,5-Triacetoxybenzoic acid (TABA) is reported. Single crystal X-ray diffraction, Thermal analysis, Fourier Transform Infrared spectroscopy (FTIR) and DFT calculations were applied for TABA characterization. This anhydrous phase crystallizes in the triclinic P1 space group (Z' = 1) and its packing shows a supramolecular motif in a classical R 2 2 ð4Þ ring formed by acid-acid groups association. The phase stability is accounted in terms of supramolecular architecture and its thermal behaviour. Conformation search at B3LYP/6-311++G(2d,p) level of theory shows the existence of three stable conformers and the most stable conformation was found experimentally. The reactivity of TABA was investigated using the molecular orbital theory and molecular electrostatic potential. The calculation results were used to simulate the infrared spectrum. There is a good agreement between calculated and experimental IR spectrum, which allowed the assignment of the normal vibrational modes
Introduction
Solid-state characterization of biologically active compounds plays an important role in all areas of pharmaceutical and material sciences [1] [2] [3] . As crystalline materials, the supramolecular chemistry of new solid forms of a molecule have been proving significant contributions to obtaining a more effective and active compounds [4] [5] [6] [7] . The architecture of molecules in crystal, even in different solid forms arrangement (i.d. anhydrous, hydrates, cocrystals, polymorphs), opens the door to design functional materials and also to understanding the recognition process of molecules for biological targets. Furthermore, the characterization of different solid forms of compound has implications for fundamental understanding of the assembly of molecules in the solid state and also in the in the understanding of its solid stability and phase transitions, such as dehydration and conformational changes.
In the cocrysallization field, the Gallic acid (GA) and their derivatives represent important cocrystal coformers [8] [9] [10] [11] [12] [13] due their ability to form multiple hydrogen bonds (HB) with active pharmaceutical ingredients. Additionally, this class of compound exhibit many significant biological properties, such as antioxidant [14] , anti-inflammatory [15] , antifungal [16] and carcinogenic [17] . Particularly, esters of GA are attractive chemicals used in the food and pharmaceutical industry, e.g., in the synthesis of propyl gallate and trimethoprim [18, 19] . Among them, the 3,4,5-triacetoxibenzoic acid, TABA (Fig 1) , is a stable molecular form of the GA since all hydroxyl groups are protected as acetates, hence, are less reactive [20, 21] . Noteworthy, this structural modification of GA gives to compound an increase in the effectiveness of the antifungal activity [22] . The TABA exist as a crystalline hydrate [23] in which two conformers are observed in the asymmetric unit. Although to acid-acid supramolecular synthon have recurrent formation between carboxylic acid groups (COOH), in this forms, the water molecule is included in the lattice by the formation of large supramolecular unit with COOH groups. Until now, no anhydrous forms have been reported to TABA.
Considering the TABA functionalities and their potential co-crystallization applications, we report the synthesis, crystallization and solid-state investigation of the anhydrous forms of TABA. In this investigation we use a combination of Single Crystal X-ray Diffraction, Infrared spectroscopy, Differential Scanning Calorimetry (DSC), Thermogravimetric (TGA), Hot Stage Microscopy techniques and DFT calculations to solid-state characterization of compound
Experimental and Computational Procedure Synthesis and crystallization
A mixture of gallic acid (1.88g -11 mmol), acetic anhydride (10 mL) and H 2 SO 4 (1 mL, 1 mol. L -1 ) was stirred under reflux for 4 hours. After the cooling, 50 mL of cold water was added to system providing the precipitation of a white crystalline solid. This powder was filtered and The ORTEP diagram of ellipsoids at 30% probability level with the atomic numbering scheme for asymmetric unit of anhydrous form of TABA. All bonds are in the normal range and hydrogen atoms are shown as spheres of arbitrary radii. The atomic numbering was used in the theoretical calculation.
washed with water. Then, the resultant solid was further purified by crystallization in methanol at room temperature (25°C). The solvents used in the manipulations were purified by standard methods. The gallic acid were purchased from Sigma-Aldrich1, acetic anhydride and sulphuric acid were purchased from Synth1. Yield: 2.95 g (90%). 1 
Crystal structure determination
Single-crystal X-ray diffraction data (SCXRD) for the anhydrous TABA were performed on an Enraf-Nonius Kappa-CCD diffractometer (95 mm CCD camera on κ-goniostat) using graphitemonochromated MoKα radiation (0.71073 Å) at room temperature (298K). Using the Olex2 [24] software, the structures were solved by direct methods and the models obtained were refined by full-matrix least squares on F 2 (SHELXTL-97 [25] ). All the hydrogen atoms were placed in calculated positions and refined with fixed individual displacement parameters [U iso (H) = 1.2U eq or 1.5U eq ] according to the riding model (C-H bond lengths of 0.97 Ǻ and 0.96 Ǻ, for aromatic and methyl groups, respectively). Molecular representations, tables and pictures were generated by Olex2 [24] , MERCURY 3.2 [26] and Crystal Explorer v2.1 [27] programs . The crystallographic  information files of the anhydrous TABA molecule (S1, S2, S3, S4, S5, S6, S7, S8 and S9 Tables) were deposited in the Cambridge Structural Data Base [28] under the code CCDC 1470502. Copies of the data can be obtained, free of charge, via www.ccdc.cam.ac.uk.
Hirshfeld surface analysis
The Hirshfeld surface and the 2D fingerprint plots for the TABA in the anhydrous phase were carried out using Crystal Explorer 3.1 [27] . The surface were generated on basis of the normalized contact distances defined: d i (i.e., distance from the surface to the nearest atom in another molecule) and d e (i.e., the distance from the surface to the nearest atom in the molecule itself). The high resolution default of d norm surfaces were mapped over the colour scale ranging from −0.71 (red) to 1.37 Å (blue), with the fingerprint plots using the standard 0.6-2.8 Å view of d e vs. d i .
Thermal Analysis
Thermogravimetric analyses were carried out on a Shimadzu TGA-60 thermobalance. Approximately 3.5 mg of sample were placed on an alumina pan and heated from room temperature up to 200°C, at 10°CÁmin -1 , under nitrogen flow (50 mL min -1 ). Differential Scanning Calorimetric measurements were performed on a Shimadzu DSC-60 instrument. Samples (3.5 ± 0.5 mg) were aluminum pans and heated from room temperature up to 400°C, at 10°CÁmin -1 , under nitrogen flow (50 mL min -1 ). All data were processed using the Shimadzu TA-60 thermal data analysis software. Microscopy was performed on a Leica DM2500P microscope connected to the Linkam T95-PE hot-stage equipment. Data were visualized with the Linksys 32 software for hot stage control. The crystals of anhydrous TABA acid were placed on a 13 mm glass coverslip, placed on a 22 mm diameter pure silver heating block inside of the stage. The sample was heated at a ramp rate of 10°C/min up to a final temperature of 180°C but discontinued on melting of all material.
Vibrational spectroscopy
The vibrational spectroscopy in the infrared region was recorded on a FT-IR Bomem Michelson 102 spectrometer in the 4000-250 cm -1 region using KBr pellets.
Computational procedures
As first step, a conformational search was carried out on TABA in order to explore the degrees of freedom of the dihedral angles C4−O3−C8−O4, C5−O5−C10−O6, and C6−O7−C12−O8 using the molecular mechanics method with MM+ force field as implemented in hyperchem 7.5 package of programs. These dihedral angles were varied randomly and simultaneous. The acceptance energy criterion was set up at maximum of 6 kcal/mol above the best. The pre-optimization skipped if the atoms were closer than 0.5 Å and if torsion were within 15 0 of previous.
The structures were considered duplicated if energies were within 0.5 kcal/mol. The search was stopped after 500 interactions. All conformation found in the search and after Gaussian optimization at B3LYP/6-311++G(2d,p) level fell into one of three conformations; namely, TABA-α, TABA-β, and TABA-γ. The further electronic structure computations on TABA were carried out using Gaussian 09 package of programs [29] . Density Functional Theory (DFT) with the 6-311++G(2d,p) basis set Becke's three parameter hybrid functional(B3) [30] combined with gradient corrected correlation functional Lee-Yang-Parr(LYP) [31] were employed for structural and electronic computations. The dimer geometrical parameters and the dimer interaction energy was carried out at B97D/6-311++g(2d,p) level of theory. The dimer interaction energy with BSSE corrections were computed using the counterpoise method as implemented in g09 program according to formula
where ΔE cc (G) stands for counterpoise corrected interaction energy and E A (G,AB) and E B (G, AB) stand for total energies of monomers A and B computed with the dimer basis set AB at geometry G.
The characterization that the conformers find in a minimal on the hypersurface of the potential energy were accomplished by the absence of imaginary frequencies on the calculated vibrational spectra for the optimized structures. The TABA infrared spectra was carried out using the same level of theory as used for geometry optimizations. The computed electrostatic potential V(r) on molecular surface, MEP, shows how the electrons are distributed in three dimensions around a molecule. The V(r) created at a point r by the nuclei and electrons of a molecule is given by [32] V
where Z α stands for charge on nucleus α located at point R α and ρ(r 0 ) is the charge density distribution function. V(r) is an observable of the wave function and it can be calculated theoretically and measured experimentally by diffraction methods [33] . The MEP surface can be a positive or negative quantity. It will be positive if the positive charges (from nuclei) predominate over the negative charge (from electrons) and conversely. The graphical visualization of the frontier molecular orbitals and the molecular electrostatic potential surface (MEPS) were obtained with the help of Gaussview 5 [34] .
Results and Discussion

Crystallization and solid state characterization
A notorious characteristic of GA and their derivatives is the tendency to crystallize as hydrates [8, 10, 11, [35] [36] [37] . The 3,4,5-triacetoxybenzoic acid (TABA) molecules is a GA derivative that exhibits multifunctional groups represented by carboxylic acid, phenol and ketone (Fig 1) which makes the molecule a strong hydrogen bond acceptor. Depending on the crystallization conditions, it is possible the existence of an anhydrous or a hydrate form of TABA [23] . In our experiments, the crystallization of the TABA from methanol, ethanol and acetone solvents resulted in an anhydrous solid form. A hydrate phase is only obtained when the water is predominant in the crystallization medium, solvent/water ration of 1:2. The anhydrous TABA acid crystallizes in the Triclinic centrosymmetric P1 space groups with Z' = 1 (Fig 1, Table 1 ) and has the unit cell volume two time lower than its parent hydrate form [23] .
The substituents of aromatic ring of TABA are conformationally flexible. The three acetoxyl groups adopt different synperiplanar orientations with respect to the benzene ring (the α, β and γ torsion angles, Fig 1A , S1 Table) so that there is an alternation in the spatial orientation of groups ketones minimizing the steric effect between them. It is worth noting that TABA exhibit different conformations. The Fig 2 shows the main differences between the TABA acid from hydrated and anhydrous form once superimposing by benzoic moieties. Two conformation are found to TABA and the most relevant differences between them are related to the orientations of the acetoxyl groups. The conformation from the anhydrous form shows agreement with conformers from hydrate one. Since conformational differences are noted to TABA in anhydrous and hydrate forms, the existence of them is related to conformational flexibility of TABA molecule together with consequent variations in the hydrogen bonding schemes of the conformers that provide the inclusion of water molecule into the crystal lattice.
The molecular packing of anhydrous TABA is stabilized by the presence of dimeric synthons generated by classical and non-classical HBs. The prominent one consists in the usual acid−acid homodimers of graph set R (11) α/°87.999 (7) β/°82.508 (6) γ/°88.714 (7) Volume/Å Table 2 .
The Hirshfeld surface (HS) defines a volume to a molecule in the crystal built on the partitioning of an electron density calculated as the average sum electron density of the spherical atom [38] [39] [40] . The fingerprint plots consist in a diagram of the associated d i vs. d e . Thus, this tools summarizes information about intermolecular contacts. Fig 4 shows the Hirshfeld surface and the fingerprint plots of the TABA in the anhydrous form. On the HS, interaction areas (red) located on the O-atom of carboxylic group. From 2D fingerprint, the following features are observed: (a) Two long and sharp lateral spikes with minimum (d i + d e ) % 1.8 Å are evident in the diagram. This is the assigned to O−HÁÁÁO interactions from the R 2 2 ð8Þ homodimer formed by COOH groups (Fig 3, Table 2 ). These contacts are dominant in the packing of structure corresponding to 43.9% of HS. (b) The absence of typical lateral wing at 1.6Ǻ< (d e + d i ) < 2.6Å remarks the inexistence of C−HÁÁÁπ interactions in the structure of anhydrous one (Z' = 1). (c) Furthermore, the HS of TABA in the anhydrous form present a great contribution of HÁÁÁH contacts (33.5% of HS total area) indicating that that structure is also stabilized by van der Walls contacts.
With a view to fully characterize the crystalline structure of anhydrous TABA, the DSC/ TGA and Hot-stage Microscopy analysis have been performed to this phase and the results are presented in Fig 5. The DSC measurement shows two endothermic event centered at 150.84°C and 172.53°C, respectively. Since no weigh loss is detected in the TGA curve until~200°C, the first endothermic event is associated to a solid-solid phase transition. This transformation is irreversible, since no corresponding event is occurring during the cooling-reheating cycles of DSC (blue trace, Fig 5) . A phase transformation without mass change may occurs due the rearrangement of molecule in the solid state or conformational changes of molecule. Since this solid-solid phase transition does not become single crystals (Fig 5) , the SCXR analysis was not 
Optimized structure and Energies
The occurrence of different conformations of the TABA in the anhydrous and hydrated forms provides an opportunity to study the influence of crystal forces on molecular conformations [41] [42] [43] . For this purpose, a valuable approach is the comparison of the molecular structure in the solid state with those correspondent ones in the gaseous state, where it is expected that the minimum energy conformation predominates. A search for conformations on the potential surface of TABA have shown several energetic minima, namely TABA-α, TABA-β and TABA-γ (S1 Fig) . In order to investigate the relative stability between them, their geometry were fully optimized without constraint at B3LYP/6-311++G(2d,p) level of theory. This hybrid exchangecorrelation functional has demonstrated a realistic results for organic molecules [42, 44] . The TABA-β and TABA-γ energies differ from the TABA-α conformer by just 0.249 kcal. mol , respectively. The lowest energy conformation, i.e. TABA-α, is achieved when the acetoxyl groups are alternately orientated above and below to to main plane of molecule. For TABA dimer full optimized at B97D/6-311++G(2d,p) level in gas phase, the TABA-α geometry is characterized by α = -107.37 0 , β = 96.70 0 and γ = 112.02 0 torsion angles and it is remarkably similar to that observed in x-ray data for anhydrous form (S1, S2, S3, S4, S5, S6, S7, S8 and S9 Tables; and also , although different, present no alternance of aceotixyl orientations S1 Table shows a comparison between the geometric parameters of experimental (x-ray data) and calculated structures. The TABA-α monomer conformation optimized at B3LYP/6-311++G(2d,p) has a very good agreement with x-ray data with mean absolute error of 0.014°Å for the bond and 1.17°for the bond angles. The main disagreement values arise in the COOH group. The calculated C1−O1 bond is 6.2% greater than the correspondent in the x-ray data and C1−O2, which it is a double bond, the situation is inverse, i.e., the x-ray value is 3.5% greater than the calculated. Also, the C2−C1−O1 and C2−C1−O2 calculated bond angles differ significantly from experimental data. The first one is larger than x-ray value in about 3%, while the theoretical value for second angle is smaller than x-ray in 4.4%. As shown in Fig 5, the calculated torsion angles that encompassing the acetoxyl groups are the ones that most diverge from the X-ray data. However, the TABA-α dimer optimized at B97D/6-311++G(2d,p) level, as seen in S1 Table, show results closer to experimental data for COOH group. These results support that the geometric disagreements may be explained by the fact that calculations for the monomer were carried out in gas phase for the monomer and the experimental data were measured in solid state in which the O1 and O2 atoms are involved in strong and dominant hydrogen bonds.
Besides the conformational aspects, the occurrence of anhydrous phase can be also related to stability provided by the homo synthon formed by the COOH groups (graph set: R 2 2 ð8Þ, section 3.1). Although the lattice energy does not take in account, an important approach is to determine the energetic contribution of R 2 2 ð8Þ homo-synthon (Fig 3) to structure as a whole. The interaction energy obtained at B97D/6-311++G(2d,p) level for the R 2 2 ð8Þ synthon is of -20.99 kcal.mol -1 . Note that, the R 2 2 ð8Þ dimeric arrangement require only one stable conformation in the anhydrous form while in hydrate one a conformational multiplicity is present. It suggest that, the water molecule provide the energetic balance for the presence of more than one energetic state of TABA in the hydrated crystal structure of TABA acid.
Infra-red Spectroscopy
Vibrational properties have been shown an important tool for analyzing of structural and supramolecular features of a molecule in the solid state. The experimental and calculated wavenumbers of TABA-α with their respective relative intensities and the correspondent assignments are shown in Table 3 . Experimental Spectrum is presented in Fig 6. The calculated frequencies of TABA-α were carried out on the prior fully optimized geometry at B3LYP/6-311++G(2d,p) level of theory, i.e. TABA-α, and were scaled by 0.9686 factor [45, 46] in order to make a better comparison with the experimental values. The Gauss view program package [34] were used to identify atomic displacements corresponding to each vibrational mode. The TABA-α belongs to the C 1 point group symmetry and, as a result, all 93 normal vibrational modes present A symmetries. The calculated IR intensities are important to simplify the assignment of those vibrational modes that are close in frequencies. As shown in Table 3 . This similarity allowed to identify the nature of the vibrational modes. For comparative purpose, the scaled data were used in the follow discussions.
According to our DFT calculations, the bands at 2957, 3013, and 3060 cm -1 are assigned to the C−H asymmetric stretching from the methyl groups. The experimental values for these bands are not available in the Table 3 . The C−H stretching bands from benzene ring are calculated at 3113 and 3131cm -1 . These bands differ at 18 cm -1 from experimental data. It occurs due to chemical environment differences for these H-atoms. In TABA-α structure, the C7−H7 fragment is associated to O6 atoms by C7−H7ÁÁÁO6 HB while C3−H3 is involved in hydrophobic contacts. The O−H bond-stretching band is computed at 3647cm -1 and it display a very intense high relativity intensity.
The bands observed at about at 1767 and 1793 cm -1 are assigned to symmetric stretching of C = O from acetoxyl groups. These bands are very intense in the IR spectra and theirs values are very close to the theoretically data. Furthermore, the intense band at 1696 cm -1 is ascribed to the C = O stretching of the-COOH group. The classical R Table 3 ). The medium band observed at 1415 cm -1 is ascribed mainly to C = C asymmetric stretching of the benzene ring. The umbrella movement of the methyl groups give rise to a medium peak at 1373 cm -1 . This observed band is also split in three computed peaks.
At 1320 cm -1 , the medium band observed is mostly attributed to plane bending of C−O−H.
The band observed at 1262 cm -1 appears in the calculated IR spectra as a weak band and is mainly assigned to benzene ring breathing. The strong peaks at band 1167−1186 cm . The C−C−H angle bending give rise to a broad peak with medium intensity at 1011 cm -1 . The ring−H wagging and ring−H twisting vibrational modes display medium peaks at 816, 854, 869, 894, 910, and 919 cm -1 in the infrared spectra of the TABA. Frontier molecular orbitals and molecular electrostatic potential (MEP)
Because the GA derivatives have appreciable antioxidant properties, it is important to characterize the nature of TABA-α in terms of chemical reactivity. Usually, the study of frontier orbitals is a useful to this purpose. Fig 7 shows a graphical representation of the HOMO, HOMO-1, LUMO and LUMO+1 frontier molecular orbitals. Both HOMO and HOMO-1 orbitals present π bonding symmetries and are situated predominantly on the aromatic ring. The LUMO and LUMO+1 molecular orbitals are both π Ã antibonding symmetries and they are spread out mainly on the aromatic ring. All oxygen atoms contribute significantly with p orbitals in the formation of the LUMO-1. However, the contribution of the p orbitals from the oxygen atoms in the HOMO orbital formation is lower than that observed in the HOMO-1. It is also observed Investigation on Anhydrous 3,4,5-Triacetoxybenzoic Acid that the oxygen of the OH fragment has no contribution in the HOMO orbital formation. The p orbitals from the oxygen atoms also contribute for the LUMO and LUMO+1 formations. The LUMO+1 has a higher contribution of the p orbitals from the oxygen of the acetoxyl groups, while the oxygen atoms from the carbonyl and hydroxyl groups contribute markedly in the LUMO formation. The LUMO energy of -1.929 eV shows that the TABA-α acid is a good electrophile and the energy gap (HOMO-LUMO) of 5.464 eV shows that this molecule also has a very high chemical stability. ues on the MEP surface correspond to electron density is locally depleted and locally concentrated, respectively. The minima (the most negative values) on the MEP surface is observed on the oxygen atoms and they represent regions of higher electron density and, in turn, sites for nucleophilic attacked. On the O-atoms from COOH group, the MEP energy is of about -27 kcal/mol, while the O-atoms from acetoxyl group are about -11 kcal/mol. On the aromatic ring, the MEP energy is of about -5 kcal/mol. Based on this interpretation, the oxygen sites of TABA acid susceptible to nucleophilic attack can be ranked as follow:
The maximum on the MEP surface occur on hydrogen atom from COOH group in which the MEP energy is of about 33 kcal/mol. This large positive value (blue color) indicate that this region is relatively depleted in electrons density and this site tend to attract chemical species that are rich in electrons. Another maximum region is remarked to H-aromatic and methyl hydrogen atoms (11 kcal/mol and 16 kcal/mol, respectively). Considering the depletion of the electron density, the hydrogen atoms of the TABA-α acid can also be ranked, from the most depleted to the least depleted, as follow: O−H > H−CH 3 − > H−aromatic.
Concluding Remarks
Anhydrous structure of 3,4,5-triacetoxibenzoic acid (TABA) was investigated by a combined experimental and theoretical analysis using X-ray diffractions, FT-IR techniques and DFT calculations. A detailed supramolecular analysis of anhydrous TABA reveals that the acid-acid supramolecular motif is the main build block of structure. The thermal analysis shows an irreversible solid-solid transition phase at 155°C. This event is evident in HSM images. This transition occurs generating an additional anhydrous TABA phase. Conformational searches at B3LYP/6-311++G(2d,p) level of theory show that exist three stable conformations. The most stable conformation resulting from the conformational analysis is the conformation observed experimentally in its anhydrous form. Furthermore, X-ray data agree very well with the geometrical parameters obtained from theoretical calculation. The reactivity of TABA was investigated by analysis of the Frontier molecular orbitals and MEP surface. These analyses show that the oxygen sites of TABA are sites of nucleophilic attack and they can be ranked as C = O > −O− > aromatic ring. There is a good agreement between experimental and calculated infrared spectra allowing the assignment of the vibrational normal modes. The present investigation advances the understanding of the structural and supramolecular features of TABA, which is important for biological applicability.
Supporting Information Investigation on Anhydrous 3,4,5-Triacetoxybenzoic Acid S1 Table. Geometric parameters by X-ray for TABA and theoretical calculations at B3LYP/ 6-311++G(2d,p) and B97D/6-311++G(2d,p) level of theory for the monomer and dimer, respectively. The bond lengths are given in angstroms and the bond angles and dihedral angles are given in degrees. All the calculations were carried out at gas phase. (DOCX) 
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